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A METHOD FOR STUDYING PISTON FRICTION

By Jeo Be Forbes and E. S, Taylor
INTRODUCTION

The purposc of this invesvigotion wns to develop 2 mcthod
for determining dircctly the friction force betwaen tho piston
and cylinder of an intermal combustion ongince
, The method consishs in slastically mounting the cylinder
barrel so that it can hoeve o small motion parallsl to its axis,
ond provnﬁlng Sultu ble means for recording its imstantancous
displacomente

DESCRIPTICN CF APPARATUS

Cylinder and Cyli 1mur Hond

The cylinder barrel in the forwm ¢f o light slcove (sec
ige 1(1)) is oluuped on the inncr circumforcnccs of two
naular stecl diaphragms (2). The outer circumforential edges
of the diaphragns are clomped to o cylindrical water jucket (3)
by means of o steel plate (4) at one cnd and the cylinder hoad
(5) at the othor ende

Oy

Tho cylinder heud closes the combustion chamber with a
piston=shaped sectione This soction is machined so as to form
o labyrinth seal (6) to the corbustion goscs, and yot not restrain
tho uyliuaoresloevc motione The labyrinth section of the head
is le~d=nlated so as to insure a OlOuC fit with o nirimum of
fricticne

Two spark~nlug wells {(7) and o well containing an optical
lover (8) arc scnled off from the jacket cooling waboer by meons
of flexibls ncoprone seals (9)s These seals cxert no oppreciable
congtraint on the cylinder motione



Vent holes (10) drilled in the side of the oylinder hoad
into tho space above ths disphragm take care of gas lonkage
through the labyrinth, and assurc atmospheric prossurc on the
upper dinphrogrs

Reduction of gas leakage through the labyrinth is provided
by a duch (11) leading through the top of the cylinder head to
the center of Gthe labyrinthe Iubricating oil similar to that
uszd in the engine is pumped by means of an externally driven
0il pump through this duct at a pressure of -about 50 pounds per
square inche The oil passes through the labyrinth into the
space (12) above the upper diaphragn and then out through the
vent holes to the oll-pump reservoire Under favorable running
condibions only a small percentage of this sealing oil flows into
the eompustion chambares

Cylinder-Displacemont Measuring System

The disvlacement of the cylinder sleeve is recorded photo-
gravhically on motion-picture film by mesns of an optical lever
and strip camera (reference 1). (See figse 2, 3, 4, and 5o )

A film spsed of 25 inches per second was used throughout th
tosts. The magnification of the cylinder-slesve displacement,

by mesns of the optical system, was 70.6.(See fig. 6,) Cali=
bration curves of the static performance of the recording

system at two different water-jacket temperatures are shown in
figure 7 These and similar curves were obtained by statically
loading the essembled cylinder when the regular cylinder head

Lad been replaced by a "dummy head." This durmy head was a steel
ring which clamped the outer edge of tho upper diaphrogm firmly
in its place. 4 steel plug Fitbing inbto the exposed end of the
eylinder served as & loading platforms During tiese tests the
piston was removed from the cylinder. Actual slesve displacement
due to statis load was measured by a sensitive dial gage. Strips
of filw wore run through the camera with and without each static
loade Thaose records gave the net filmetracs displecements
corrcsponding to the disl-guge readings or loadse

The curves of figurc 7 show that the stiffrness of the
diaphragms varies with water-jacket temperaturce A curve of
diavhroagm stiffness covering ths bemperature~operating range
of the tests prosented in this report is shown in figure Be
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Pistons

The aluminum-e.lloy piston with its five casb-iron piston
rings shown in figure 9 was used throughout the tests ocrté*nlvp
to the offects of speed, load, and viscosity., The cast Gwiron
piston, also illustrated in fLyuve 9, was used only in the
Mrurming-in" teste

Engine
The complete cylinder assembly wes mounted on a standard
(FR crankecase. A shoriter comnecting rod (length = 8400 ine )
then standard with the CFK was used, giving a crank-throw to

connecting=rod=length ratio of 0.281s The bore and stroke were
stendard J.2) by 45 inohese The compression ratio was 5e05,

Tabriecation Syston

tandard CFR oil pump was romoved, and a mobor-driven

The =
0ll pump subs tnbuteﬂ Lo circulabe the engine-lubricating olle

01l tempersture wos ntrolled by neans of & heat oxenanger _
tihrough which either steam or waber or both could be circulatad.
0il tomroreburce wes messured in tho oll pump by means of & vanor-
pressurs thermomstoers.

Cooling System

Cooling was accomplished by a closéd systom consisbing of
sallon tank, a separatcly motor-driven combrilfugal pump, a
:xcnuu@ﬂr, and the cylinder water jach hoat exchanger

kebe The
wes similar to thot used on the lubricating systems DUistilled
water containing a rust inhibitor ms usod in *hlu closed systom
so as to reduce resting of the exvosed areas of the diaphragms

and the cylinder sleeve. A mercury-in-glass thormemeter in-
serted in the upper cnd of the wabter jacket was uscd to measuro
the jackeb-woter temperature. Cold tap water WE° circulated
through the cylinder hvads The temporature of this wator was
measurad by & mercury=-in-glass thermomstoer LOCQt ;d at the coolinge-
water outlct of the head.




Furoleair mixture was supplicd to the engine from a vaporizing
ank (rofercnce 2)s The inlet air passcd through a fucle-mixing
orifice inserted in the vmporizing tank. The air flow to the tank
was comtrolled by a throttling volve. Fuol was measured by weans
of a calibroted rotanctor. ixture temperature was measured by
p mercury-in-glass thormometer plactd in the inlet pipes Vaporize
ing tonk prossure was measurcd by a meroury mandmetors

ot

Engine Tunstrumcnts

spoed was controllcd by a combination of = conventional
; 1d a strovosecopic lipht running dircetly Irom tpﬂ 60
cyele supply thoet illuminoted painted strips on the
(refsronce 2). in clectrie dvnamomﬁtcr‘",a uscde Pressure
against crank~ans cd from tho stmndard KeTlaTs
3Q¢Wucnd ~-pressurs ing "ztOﬂ usi'” an MeTeTe. diavhragn pressurc
nit (rofercnces 3 ard 4)e

RESULIS AWD DISCUSSION

4L typical phobographic record of the slecve displaccment

ig shown in figure 10, which is a firing rccord taken 2035
rpme  The heavy verticol lincs are the tov-center locating lincs
producced by a flashing ncon lights (8cc fige 2.) This neon
l1 nt fleshes simulbancously with the ignition sparke. The
OOSltl"U of the neon light in the camcre is such as to mark the
£ilm 0,26 inch from the rocord trace ‘nd thus locatc the igniticn
crani Mngle on the time axise. 9 degroes of crank angle aionm

the i axls, with a filw specd of 25 inches por sccond and an

specd ¥ rpm, correspond bto & length L on this ax is

inche Honoce top center on the f£ilm tracc 1is

e (O 26 - L) inch along the time axis to tho

1

r of the nooxn lamp flash.

o

1001%0&
loft of

The dim diffusce linc appearing poarallel to the btime axls in
most of the rocords is a rcefleoted trace of the light sourcc from
the front surface of the lense The rocords in gencral siow




cesenbially three typos of oxcitation of the slecve, thet 1is,
over-all displacements corresponding to the piston strokos, ¢
rather prominent cxcitation occurring during the firing stroke,
and finally some high-frequency excitation of comparatively low
amplitude. Photographic records of the natural frequency of
vibration of the cylinder sleove with engine completely assemblod,
also with piston romoved, and the durmy head in place of the
regnlar cylinder head are shown in figure 1le These rocords
togother with calculations made of the natural frequency of
vibration of the slecve from its known stiffnoss ond welght show
that the prominent excitation of the sleeve in all the records
corresponds to ibts natural freguencye The origin of the high=-
frequency eoxcitotion is not conclusively kaowne

Owing to the fact thet the disphrogm systom was sensitive
to temperature changos, thore appeared to be no satisfactory
nsthod of recording on the films o "zere line,” thut is, a line
indieating the cquilibrium position of the cylinder slseve whon
no force was aching on it. Establishmont of the probable zoro
line was accomplishicd in the following monuer: An onlarged
trace of the vhotogravhic record wes made in on onlorging camoras
A streight linc parallel to the film motion 1s then so drawn as
to interscet tie onlarged record at four cqually spaced points
during the time interwnl of cach eyclece This line is then taken
&s the zero line from which all displacemcats on the enlarged
record src messureds From the mignificobion of the enlargement
end the stiffness calibration curve (fig. §), the disploccnent
arc readily converted into cguivalent pistonefriction forces on
the assumption that the inertis und damping forcos are regligiblc
comparsd to the disphragn forccs

Whilc the locstion of the true zero line may bo somewhat in
doubt, and thus produce errors in the truc instantancous piston=-
friction forccs, it is significant that tho piston-friction worl,
as obtaincd from the work loops, is not subject to awuy crror
made in locating this lince The work loops are the basis for
computing pistonefriction mcan=-cf{cetive pressurcs, ond the
piston=friction horscpowers herein reported, and hence these
values are not subject %o zero-linc location crrorss

ct

The effcebs of speod upon pisbon friction were firs
moasurcde Both motoring and firing runs werc made over a speed
rangc of 1000 to 2500 rpm at full-throtble sctiinge Tho nizturo
ratio was set in all cascs at best powors Spark advence was kopb
constant at 229 Cylindoreslocvo cooling-wetor tomporature and
oil tomporaturs wore cach kept constant at 180° 7,  Inlctemixturc



tomncrmtufe wes mainbained constant at 1402 F, and cylindor-head

c y tomperature at 50° F» A low cylinder-hcad cooling-
water tc.nvr%+aro was mairtaincd so as to minimize the possidilitby
elting the lead plating on the labyrinth scetion of tho
¢ylinder heads The lubricating oil used in these runs was SAR

40, heving 2 viscosiby of 23#9 centipoise at 1&00 Fa

A series of these speed records is shown in figure 12.
{

Piston~friction work cveles obtained from souic of these
rocords arc shown in figurc 13. The tobal arce cnclosed by the
two loops represents the piston=frichion work por cyclao

The solid=linc loops ar¢ for +he expuﬁ sion~cxhaust strokos
while the dashed lincs arc for the at-conprossion strokos
This scheme of difforentisting the two phascs applies to all
piston=friction work losps presented in this rceporte

Piston=~{richion noan=cffective presaures nputcd from these
work a*a?r ns arc plottoed against specd in flgurc 14,

‘ nefriction mean=cffceebive pressures over tho
sested spacd range vary fro 1 18 to 46 percernt higher than those
for mo+nr1nzo This diffecrence in the rclative nagnitude, shown
by the piston-friction mennmcffoctive=pressurs curves in figurae
14, probuoly accounts to £ larze oxtont for the sinilar divergense
depicted in the two indiouted maan-cffeobivowprossurs Curvese.
The lower indicated meane-cffectlve-pressure curve was obtainecd
by adding tho brake-motoring and breke-firing curves, whercas the
othor indicabor curve was obbtaincd by usc of the MeleTe bPlgh-
sposd enging indicator (reforcnces 3 and 4)e Firing piston=
friction moan~cffoctive pressure incresscs lirecurly with spcaed
‘and is about 45 percent greater ot 2500 rpm then at 1000 rpm

A considerable number of check runs were madc on thoso
spced recordse Comparison of the check rocords with those of
the originel runs showed very good reproducibility both in
magnitude and struchburcs

Bifoet of Load

Thae cffeoct of load on piston friection at two differont
spoeds is shown in figure 15, and the corresponding work loops
arc shown in figure 16, The variation of Dlutonmfr ction mean=-
effective prossure with indicated nmea -o“jcoﬁjvb pressure for



the two different speeds is shown in figurc 17, The ongine was
run at the same tomporatures and with the same quality oil

(SAE 40) as in the spced runss Indicated meanweffective prossurcs
were dorived from indicator diagrems obbained with the MeIWTa
high-spoed engine indicator (rofercnces 3 and 4).

A% 1500 rpm a change of 1 pound por squarc inch indicated
mean-offsetive prossurc producces a change of 04033 pound per
square inch in piston=friction mesn-offective pressurc, whilo
ot 2500 rpm a le=pound change in indiented mcan-cffcctive pressurc
increases the piston-friction mean=effcetive pressure 0,028 pounde

The change of piston-friction mecn~effective pressurc with

specd at any particular lond is of the swac order of magnitude
as found in thc spcood tests.
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Dependonce of piston-friction force on oil and cooling=
wator beuporature is shown in figure 18. Theso rccords both
of motoring and firing rns were takon ot o coustart speed of
1800 rmn, with SAE 20 oiles The oil ond oylinder-water=-jocket
terperatures wore kept equal to euch other and variod over o
range of about 1000 Fe Inlet temperature wes held constant at
140° ¥ while the head=cooling wnter was lept atb 486 ., Spork
advance wms 220 and mixbture rotio set for best powere Correspond=-
ing piston=Triction work diagrams arc shown in figurc 1Y.

r

os with temperature of the two

Thoe variation of wviscositi
s shovm in figure 20,

oils used in those bests 1 !

ot

o

Plots of pi
0il vizcosity at
Piring are shown

ston-friction noan-effoctive oressurc against
ackat temperaturc both for motoring and

4o
&
J
in figure 21.

o}

Exomination of the firing photographs (fig. 18(b)) shows

a rather intercsting performonce ab 133° P wherc altarnnte
periods of two cycles scem to reproduce thenselvess BExomination
of the piston rings after tho runs with SAE 20 oll showed comnw
siderable scuffings No avprecilable scuffing of the rings

appearcd after the runs using SAR 40 oile The presence of secuffing

night account for the orratic bcohovior of the rccords and the
irreculoarity of the lower ourve in figurc 21l. The fact that the
notoring runs were vakon ofter the firing runs and show un



orderly trend might indicate that the souffing condition haod
beon roduced by the time these runs wore madee Figure 94 shovs
the condition of the rings after the motoring runs with 8AL 20
0il. ' '

A comparison of the piston-friction nean-cfTective pressures
at cqual viscositiecs based on weter=jacket touporatures and at
the saro speeds and loads for the two oils used in thosc tosts

. "

is shown in toble, bovh for firing and motoringe

Centipoise Piston
0il BAE rpm t °® at jackszst fmep

tonperature lb/sq ine

40 1800 180 2365 Led

1800; 142 23,5 6.3 |

| S A . - I AR
1800/ 180 2345 8.0 |

- emepe J! Po—— ! o J— ._“_.......-Qi
1800, 142 | 23.5 5.5 |
N U

Pighon-Friction Horsepows

Piston=friction horscpower is plotted against notoring
horsenowsr and {iring-fricticn horscpower in figure 22« The
firing={riction=horsepower Curvcs wore obtained by subtracting
the firing brake horscpowers from the indicoted powsr taken
from indicotor cardse The curves irndicate that for thesc
cxperients the motoring niston=friction horsepowor amourts to
roughly 16 percont of the mobtoring horscpowor, and that the
firing piston-{riction horscpowcr is shout 26 percent of tho
notoring

b

horscpowers

T+ should be nobod that moboring and firing-friction horsc=-
r ooch includes bearing friction and pumping frictlon in
nddition to piston friction.

Tt should be mentioned that the scaling oil which lealks
o the corbustion charmbor from the cylinder-hoad labyrinth
cduco thie piston friction below that which would bo
obtained with normal lubricabione



Running=-In Tost

For comparative purposes a now casteiron piston was sub-
stitutod for the aluminum~alloy piston. This piston (sce fige
98) had threc piston rings and a skirt rmch longer than that of
tho aluminum ones The two pistons gave the sume compression
rotiio.

Records of moboring friction taken with this piston at 900
rpm are shown as a funotion of running-in tims in figurc 23.

At intorvals betweon these rccords the motoring speod was
oceasionally run up to 1000 rpn, and during an early one of
thesc speed ineresscs an wnsbeady brake load indicated signs of
piston scizing., Exanination of the piston afbor these runs wore
completed showed scoring of the piston (fig. 9B) and pick-up on
the cylindere In spitc of the scoring, a rather siguificant
doeraase in piston friction with rumning-in tine is indicatcd by
the decrcasing amplitudes of the rccords in figure 23a

I

7]

CONCLUSIONS

The results must bo regerded as of a preliminary naturc
until nore expericnce with this apparctus has been obtaincde
It appesrs safo to conclnde, howevor, that tho method hos
intorosting possibilities for rescarch in the ficld of piston
frictions Further work is suggested to includc an abtempt to
comparc piston frietion alonc, measurcd by notoring, with piston
friction obtained by this method, and to explore systomatically

the effcobs of differences in piston and ring desigi.

Lify

Slocn laboratories for Aircraft and Autonctive Engincs,
Massachusctts Institute of Technology,
ambridgs, Hasse



10

REFERENCES

le Bouchard, Ce Ls, Taylor, Ce Fo, and Taylor, Es. Se:
Varicbles Affeeting Flame Speced in the Otto-Cycle
Engincs Joure SAE, vol. 41, nos 5, Nove 1937

Taylor, Ee S., Leary,

of Fuel=Air Retio,

2e

We Ao, ond Divor, Je Res Effcct
Inlet Temperature, and Bxhaust
Prossure on Detonationes R

Rcpe Noe 099, WACA, 1940,
ke, Schochtor, Hao
The Charging Proscc

3¢ Reynolds, Bln

vy, and Taylor, He Set
g8 in o Highw~Speed; Single-

Cylindcr, Pour=3troke Tngilnce

1539

ToNe Nos 675, NACA,
4s

-

Taylor, Be S, and Draper, C.
Erngine Indicotors

Sas
1933, pps 169=171,

A New High-Spce
Moohe Enge, vole 55, noe 3,



Fig. 1

-®
7L
-
| [
i

o N\ \i\m\\

3

V. fALII LIS,

NACA

e
11—
Vol
@
_
_4@
b
) i -
1
!
WAL
J“: ]
g
WNWZ HTE D AS
,/z < . A | |
S /@ /@

Lg—M

Figure‘l.- Assembly drawing of friction engine cylinder.



W=-37

NACA Fig. 2

PLAN VIEW
OF
LIGHT SOURCE

PLAN VIEW OF CAMERA

H CYLINDRICAL LENS

%
GAMERA HOUSING ——- A

2
7
?
7

OSCILLATING CYLINDER SLEEVE

o eariry
S

§
g

SO

NEOPRENE

SEAL
Lt LIGHT SOURCE

Y
AN +— LIGHT SOURCE BRACKET
\, \\\\1
& ¢
L
4
s
’
J
/
’
’
/
/
/
’
/
4
/
’
GAMERA BRACKET -—— o 7
. /,
CAMERA MOTOR K
i SIDE VIEW OF APPARATUS

CRANK CASE —~

ENGRE BASE ——\

Figure 2.- Details of optical system for recording cylinder
sleeve displacements.




W=-37

NACA

F

Figure 3.- Dynamometer end of friction engine.

Figure 5.- Details of friction engine camera.

igs.

3,5




Figs. 4,9

NACA

*autlus
UOT3O01IJ UT pesn sSuo3sid -6 I3ty

£o11® wnutumiy (V) UOIT 1SE)

LE—M

(

g

)

*20IMos 3U3TT pPuU®R ‘BISWED
‘Tojowm BISWBO paTquWessY -y oxn31d




W=37

Fig. 6

NACA
Cylinder sleeve cooling water temperature
o 7198
x 8% /
+ o} 1//
.30 180"F )
A 185°F £+
L 1970F //{+
A
g f
- 4
g Ei//
I
o +
e O
'g +
o .20 +
3 fo
SR
+
= ;]/Jr
Fry

IlO
/

[ﬁﬁ Slope of curve=ma

gnification=

70,5

%{i‘

=X

0 .001 .002 .003
Cylinder sleeve deflection, in.

.004

.005

Figure 6.~ Calibration of cylinder sleeve displacement fecording

mechanism,




W-37

NACA

.004

.003

Cylinder sleeve deflection, in,
o
e
X

.001

0

Fig. 7

Cylinder cooling water temperature J//

1o 18508 //

X 780F

X

i
//,

20 40 - 60 8 100
Static load on cylinder sleeve, 1b

120

Figure 7.~ Static load deflection ofAcylinder sleeve for two differ-

ent cylinder slesve cooling water temperatures,



NACA

w=37
W]
>

[¥N]
L 3
KN

VN ]
o

Stiffness of cylinder sleeve diaphragms, 1v/in. x 10—4
N "
o) v

A
(&3}

Fig. 8

C
\\ O
\\ @)
O I~
40 80 120 160 200 220

Cylinder sleeve cooling water temperature, OF

Figure 8.~ Apparent‘stiffness of cylinder sleeve as a function of

cylinder sleeve cooling water temperature,



VOVN

SPARK — |
0.26 N ASING TIME ———
61 INCREASING
SPARK ADVANCE = 22.5°
——— BG BC. SPEED = 2035 RPM
1w . 1C TG TG FILM SPEED = 250 INCHES PER SEG.

Figure 10.- Typical piston friction record for engine firing.

Assembled Engine

Dummy Cylinder Head -- No Piston

Figure 1l.- Natural frequency of cylinder sleeve.

IT°0T 8314



NACA Fig. 12
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Figure 12.- Cylinder sleeve displacement as a function of speed.
0il and cylinder sleeve cooling water temperatures held

constant at 180CF. SAE 40 oil.
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Figure 15.~ Cylinder sleeve displacement as a function of
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peratures held constant at 180°F. SAE 40 oil.



Speed 2500 rpm Speed, 1000 rpm
; L ! o s T T *
I I . (S R ! ! H
I e +3;__>Qd,‘_‘?;._._._‘0}, R ! — : - T lr
T e e T
70 b o | RN A L e rere— 0ol d o
QT O Teu) load | | | Nzl Full load | | $
A A A b i ﬁi"é ‘ o ; R
'[ i : Nt . ! . P M0 ¢ .L_\_?
DR SRR e ol AN s
i SRR UA\; ? »ﬂ”"f c?/ , | e s i T Ak o
e R NPT s ey % | 3 T Y
— + A O R foyd ; . —
- § e \?\-d/;” ] | .
@ : B y Q=TT t "
® R N e b Ju s e i b 2 o S O : —tol i !
£ 20 o i i '%QVE/Q QRIS e Qe P i %
S | gQH L 5 ;. ® - /;é‘ ; § e L
10 bt ey ? ‘ gL aeias R
o 0 L/G : i J_ i 1f 10ad ! | o} ;/GI Half load i @
S T T T e S AR
£ 10 1 R S N B Y-S A
o Q } ! ! .y 4 R ey (o} 4% et
: -20 T ._T_:;O-\ | ‘_5/V jﬂ@i 'y .f_é.<+\~_& D, o I ;[
Gt \\ +/+‘~: HLS; I i.r\j/ 1
o N4 TR T
S RNy ¥ e
@ ] i ! .
) ! ! [ S B et S SN
ey i . W R e ~ j v
0| L | e H S T g IRENE SN
T T ? } | ooled e T 1 - W
10 Jo | Idling i g ;g"f Idling [}é@
0% ; 9 ’ do oy et po?
| iyl | & |00l Jbidy by
10 FF vl T N P S = v
— Q=G . o7 s PO L] S e
-20 EEE -\\:\ho\*o*_.g,/ al f
; -_+;“1+“”l ]
! ! i i :
T.C. .05 .10 .15 .20 .25 .30 B.C.T.C. .05 .10 .15 .20 .25 .30 B.C.

Piston displacement, ft
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Figure 18a.- Cylinder sleeve displacement as a function of common
0il and cylinder sleeve cooling water temperatures.
SAE 20 oil. Speed 1800 rpm.



w=37

NACA Fig. 18b

160°F Increasing time ——>

104°F TC—> Firing

Figure 18b.- Cylinder sleeve displacement as'a function of common

0oll and cylinder sleeve cooling water temperatures.
SAE 30 oil. Speed 1800 rpm.
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rpm, Common 0il and cylinder cooling water temperatures varied as indicated. SAE 20 oil.
Wotation same as in figure 13.
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